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3 Vishal Ratanpaul1, Barbara A Williams1, John L Black2, Michael J Gidley1*
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8 Abstract
9 Starch digestion in grain particles depends on the diffusion of amylase into the particles.  
10 Enzyme diffusion rate (EDR) is influenced by grain structure, and may be key in determining 
11 the extent of grain digestion in the small intestine. EDR values of sixteen grains (wheat, 
12 barley and sorghum) were compared with their ileal digestibility from pigs. Five fractions of 
13 each hammer-milled grain were digested in vitro under conditions mimicking monogastric 
14 digestion to obtain apparent amylase diffusion coefficients (ADC) from the inverse square 
15 dependence of rate-coefficients on particle sizes. The ADC values in sorghum were lower 
16 than in wheat and barley for samples grown under standard conditions. However, grain 
17 differences such as sprouting or immaturity, resulted in higher ADC values that were 
18 relatable to in vivo digestibility. Grain fibre had large effects on ileal digestibility, with an 
19 apparent optimum neutral detergent fibre level of 10-20% that resulted in maximum starch 
20 ileal digestibility. It is inferred that the true potential for efficient feed utilisation depends 
21 both on fast grain digestion, and on an appropriate rate of passage, so that small intestine 
22 residence time is long enough for starch in grains to be digested fully.
23 Key words: Apparent diffusion coefficient; ileal digestibility; starch-digestion; particle size.
24 Abbreviations: EDR – Enzyme diffusion rate, ADC – Apparent diffusion coefficient, PSD – Particle size 
25 distribution(s), IDE – Ileal digestible energy, FDE – Faecal digestible energy, GI – glycaemic index, NDF – 
26 neutral detergent fibre, SI – small intestine, LI – large intestine. 
27 *Corresponding author: Tel: +61 7 3365 2145, Email: m.gidley@uq.edu.au
28
29 1. Introduction 
30 Cereal grains play a vital role in nutrition for many animals including humans and pigs. The 
31 major component of cereal grains is starch, with its nutritional value being determined by its 
32 site of digestion (Black, 2016). Starch that is completely digested before the end of the small 
33 intestine (SI) provides the maximum amount of glucose from the grain to support growth in 
34 pigs. However, complete digestion of starch can have negative consequences for human 
35 health by providing excess energy and increasing risks of diabetes and obesity. Starch that is 
36 not digested by the ileum (end of the SI) passes to the large intestine where it is fermented by 
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37 the resident microbial population, which is considered to be generally beneficial for human 
38 and pig health (Dhital et al, 2017).  However, approximately 15% of energy digested in the 
39 large intestine is lost from the animal as heat of fermentation, methane and voided microbes, 
40 resulting in less energy being available for animal growth. An understanding of grain 
41 characteristics and processing conditions controlling starch digestion in the small intestine 
42 would assist the selection of processed grain for maximising pig growth and enhancing 
43 human health.
44 The general principle is well-established that smaller grain particle sizes result in faster 
45 digestion in vitro (Al-Rabadi et al., 2009; Heaton et al., 1988) and more efficient use of feed 
46 by pigs (De Jong et al., 2016; Saqui-Salces et al., 2017).  Similarly, human ileostomates 
47 consuming coarse wheat (2mm) porridge showed significantly lower postprandial blood 
48 glucose and insulin levels than consumers of finer wheat (<0.2mm) porridge (Edwards et al., 
49 2015). However, quantitative relationships between particle size and digestion both in vitro 
50 and in vivo have not been established across diverse grain types. Thus, there is no available in 
51 vitro method of determining ileal digestibility of cereal grain starch that can be associated 
52 directly with in vivo measurements of digestion in the SI of pigs.  
53 Commercial pig feeds typically contain cereal grains as the main ingredient, and the 
54 digestibility of the grains can be estimated by different in vitro methods, including for 
55 example, by analogy with human digestion, in vitro prediction of glycaemic index (GI) of 
56 milled grains (Giuberti et al., 2012). However, such methods do not take into account effects 
57 of particle size distribution (PSD). Grain particle size is important because the rate of enzyme 
58 digestion depends on milled grain particle size, as does the efficiency of pig growth (Al-
59 Rabadi et al., 2017; Paulk et al., 2015). From a study of amylase digestion of size-
60 fractionated milled sorghum and barley grain particles, an inverse square dependence of (first 
61 order) starch digestion rate on particle size was found (Al-Rabadi et al., 2009). This inverse 
62 square relationship is consistent with a surface-controlled reaction, and can be considered to 
63 be equivalent to a diffusion-controlled process and formalised as an apparent diffusion 
64 coefficient (ADC) of amylase in milled grains (Al-Rabadi et al., 2009). However, limited 
65 knowledge exists on the association between predicted in vitro digestibility of grains and 
66 digestion of starch or energy in the SI of pigs. Moreover, the amount of starch digested in the 
67 SI depends on the combined effect of passage rate of the digesta through the SI and starch 
68 digestion rate (Lee et al., 2013). Therefore, a simple measurement such as the in vitro 
69 prediction of GI of ground grains without definition of PSD, is of limited use.  
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70 In commercial animal feeding practice, milling of grains generates a mixture of coarse and 
71 fine fractions, as characterised by the PSD. The overall digestion rate can be hypothesised to 
72 be a function of the PSD and the intrinsic properties of the grain, which determines the 
73 enzyme diffusion rate (EDR), measured as the ADC. As ADC is independent of particle size, 
74 it is hypothesised that the overall digestion rate of a milled grain can be determined based on 
75 the ADC and the PSD of milled grains. The ADC is expected to depend on the surface and 
76 internal structure of grain fractions as these define the barriers to enzyme diffusion. These 
77 diffusion barriers will depend on the cereal cell wall structure, endosperm density and 
78 processing method (e.g. hammer- or disc-milling, heat or enzyme treatment) used to prepare 
79 the grain for use in feed. The maturity of grains at harvest and natural processes such as 
80 sprouting, can also affect the tissue structure of the grain and therefore EDR and digestibility. 
81 To test whether ADC/EDR values can be used to develop more robust in vitro predictions of 
82 in vivo digestion characteristics for milled grains, two main steps are required. First, the 
83 general nature of inverse square dependence of amylase digestion rate on milled grain 
84 particle size needs to be established for a range of grains. Secondly, the resulting ADC values 
85 need to be compared with in vivo ileal digestibility data to determine the potential for 
86 prediction of in vivo behaviour based on in vitro data. Ileal digestibility of grains in pigs can 
87 be measured from ileal cannulation experiments (Van Barneveld, 1993) comparing ileal 
88 digestible energy (IDE, MJ/kg, the fraction of total dietary energy that is utilised before the 
89 ileum) with faecal digestible energy (FDE, MJ/kg, the total dietary energy that is not excreted 
90 in faeces). Indices of effective digestibility can be obtained from e.g. the ratio of IDE:FDE, or 
91 an adjusted IDE value which takes into account the indigestible fibre that is present in the 
92 grain (Knudsen and Canibe, 2000; Knudsen et al., 1993). 
93 The hypotheses tested in this work were that: 1) there is an inverse square dependence of rate 
94 coefficients for amylase-catalysed digestion of starch on particle size for diverse grains; 2) 
95 grain type and modified tissue structures affect ADC in a rational way; and 3) grain ADC 
96 values provide insights into feed factors affecting ileal digestibility in pigs.  The objectives 
97 are therefore:  1) To determine the generality of the inverse square dependence of amylase 
98 digestion rate of starch for milled grains and compare the resulting ADC values for sixteen 
99 samples representing different cultivars and growing conditions of wheat, barley and 
100 sorghum, and 2) To investigate any associations between ADC and IDE:FDE or fibre-
101 adjusted IDE of feeds primarily containing these grains. 
102 2. Materials and Methods 
103 2.1 Grains, ileal and faecal digestible energy
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104 Sixteen grain samples (Table 1), previously studied in the Premium Grains for Livestock 
105 Program (Black, 2008), were obtained from the University of Sydney grain archive, where the 
106 grains were stored at -20°C. The grains selected had been exposed to either natural or imposed 
107 growing conditions or post-harvest treatments to produce grains with a range of morphological, 
108 chemical and nutritional characteristics. The samples had previously been analysed (Table 1) for 
109 total starch (McCleary et al., 1997), crude protein (Method – 4.2.04) (AOAC, 1995), crude fat 
110 (Method – 4.5.01) (AOAC, 1995), acid detergent fibre (ADF) (Method – 4.6.03) (AOAC, 1995), 
111 neutral detergent fibre (NDF), IDE and FDE contents (Black, 2008). IDE and FDE were 
112 determined in diets where approximately   81% (Table A1) of the diet was from the cereal grain. 
113 A cannulation methodology (Van Barneveld, 1993) had been used to determine IDE and FDE. 
114 Briefly, T-piece cannulas were inserted at the terminal ileum in pigs (~45kg). Pigs were fed 
115 twice daily for six consecutive days followed by two days of continuous digesta collection for 2-
116 8h period after the morning meal. Faecal samples were also collected during this time. Faecal 
117 and ileal samples were immediately frozen. IDE and FDE was determined by adiabatic bomb 
118 calorimetry of freeze dried digesta and faecal samples. Hydration capacity (%) was measured by 
119 determining the amount of water absorbed by 100 whole grains after 16 hours of soaking in 
120 excess water at ambient temperature.  
121 2.2 Milling and sieving
122 Each of the grain samples (100g) were hammer-milled (PX-MFC 90 D, Culatti AG, Zurich) at 
123 6000rpm with a 2mm sieve in place. The ground grains were then individually size-fractionated 
124 by sifting for 30 minutes through a vibrating automatic sieve-shaker (Minor-1807-07, Endecotts 
125 Ltd., England) using multiple sieves (1.4, 1.2, 1, 0.85, 0.71, 0.5, 0.25, 0.075mm and a pan).  Size 
126 distributions for all fractions by percent weight were determined for all  samples and the 
127 geometric mean diameter (dgw) was determined for each sample using the standard method 
128 (ASABE, 2013). Of the nine fractions, those retained on five sieves (1, 0.71, 0.5, 0.25 and 
129 .075mm) were obtained in sufficient quantities for starch digestion analysis to derive digestion 
130 rate coefficients based on first order kinetics, and to determine total starch content. The average 
131 particle size for each fraction was taken as the average of the adjacent sieve sizes that each 
132 fraction was retained within. The average particle sizes of the five fractions analysed were 
133 therefore 1.1, 0.78, 0.605, 0.375 and 0.163mm. 
134 2.2 Total starch determination 
135 Total starch in each size fraction of each grain sample was determined in duplicate using the 
136 Megazyme Total Starch Assay kit (K-TSTA, Megazyme International Ireland Ltd.) based on the 
137 dimethyl sulfoxide  method (McCleary et al., 1997) with modifications.   A control of 
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138 standardised regular maize starch (Megazyme) and a reagent blank were analysed with each 
139 grain sample. Each grain sample (100 + 5mg) was dispersed and vortexed with 0.4ml ethanol 
140 (80% v/v) in a 15ml tube. Then, 2ml dimethyl sulfoxide was added and further vortexed.  Tubes 
141 were then placed for 10 – 20 minutes in a water-bath maintained at 1000C and under vigorous 
142 stirring conditions. The 1.1mm size fraction from each of the grain samples took up to 20 
143 minutes for starch to dissolve. The resulting digesta was mixed with 3ml thermostable alpha – 
144 amylase (Megazyme, 54U/mg) dissolved at a concentration of 3.23% in 50mM MOPS buffer 
145 (pH 7) and subsequently maintained at 1000C under vigorous stirring conditions for 12 minutes. 
146 Tubes were then transferred to a water bath at 500C and 4ml 200mM sodium acetate buffer (pH 
147 4.5) was added. The whole mixture was then incubated after addition of 0.1ml amyloglucosidase 
148 (Megazyme, E-AMGDF, 3260 U/ml) at 500C for 30 minutes with constant stirring. After 
149 incubation, 0.1ml of the mixture was diluted to 1ml for wheat and barley, and 1.6ml for sorghum 
150 and centrifuged at 4000g for 2 minutes. Then, 50µl of the supernatant was transferred to another 
151 microcentrifuge tube and 1ml GOPOD reagent (glucose oxidase) was added. After 30 minutes, 
152 absorbance was measured spectrophotometrically (UV-1700 Pharmaspec, Shimadzu, Japan) at 
153 505nm to determine glucose concentration.  A factor of 0.9 was used to convert glucose to 
154 starch. 
155 2.3 In vitro starch digestion 
156 A three step digestion model (Al-Rabadi et al., 2009) simulating digestion in the mouth, stomach 
157 and the SI was used with modifications for all the milled grain fractions in duplicate. A control 
158 of standardised regular maize starch (Megazyme) and a reagent blank were analysed with each 
159 grain sample. Firstly, 100 + 5mg sample was mixed with 2.17mg of alpha-amylase (Megazyme, 
160 E-BLAAM, 54U/mg) dissolved in 1ml phosphate buffer (pH 7) to simulate oral digestion for 45 
161 seconds followed by immediate addition of 2ml 0.02M HCl to simulate entrance into the 
162 stomach. This digesta was then incubated with constant stirring at 100rpm to simulate gastric 
163 digestion at 37 0C for 30 minutes with 1mg pepsin (Sigma, P-6887, 3200U/mg ) dissolved in 
164 1ml 0.02ml HCl. To stop the pepsin activity, 3ml of 0.02M NaOH was added to digesta to raise 
165 the pH to 11.0. The pH was then reduced to 6.7 with addition of 4ml 0.2 M sodium acetate (pH 
166 6.0) buffer containing 0.2% sodium azide. Then, 8mg of pancreatin (Sigma, P-1750, 4 x U.S.P 
167 specification) and 38µL of amyloglucosidase (Megazyme, E-AMGDF, 3260 U/ml) dissolved in 
168 1ml sodium acetate (0.2M) buffer were added to the digesta. The digesta was then incubated at 
169 37 0C with constant stirring using a magnetic stirrer (100rpm) to simulate small intestinal 
170 digestion. Periodically, 50µl of digesta was taken after 5, 10, 20, 40, 60, 90, 120, 240, 360, and 
171 480 minutes, and mixed with 300µl 0.3M Na2CO3 to stop the enzymic activity for colorimetric 
172 assay. The relatively long digestion time of up to 480 minutes was chosen so that rate 
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173 coefficients for slowly-digested larger fractions could be determined. 1ml GOPOD reagent 
174 (glucose oxidase / peroxidase) was added to a 50µl aliquot taken from the digesta- Na2CO3 
175 mixture. After 30 minutes, absorbance was determined to measure glucose concentration 
176 spectrophotometrically at 505nm.  A factor of 0.9 was used to convert glucose to starch, which 
177 was expressed as a percent fraction of total starch digested over time in hours (Fig.1A). All the 
178 results were reported on dry matter basis. 
179 2.4 Determination of digestion rate- and diffusion- coefficients 
180 The fractional digestion rate coefficients and ADC were calculated as described by Al-Rabadi et 
181 al.  (Al-Rabadi et al., 2009). Starch digestion in milled grains typically exhibits first order 
182 kinetics 
183                                                                                                                               (1)𝐶𝑖 = 1 ‒ 𝑒 ‒ 𝑘𝑖𝑡
184 where Ci is starch in the grain fraction digested at time t in sieve with mesh size i; ki is
185 the fractional digestion rate coefficient (h-1), t is the digestion time (h). This approach assumes 
186 that all starch is digested with a single rate coefficient, as would be predicted for diffusion 
187 through the grain particle being the rate-determining step.
188 For diffusion/surface-controlled reactions, there is a linear relationship between the reciprocal of 
189 the rate coefficient and particle size squared.  Rate coefficients for each size fraction were 
190 determined in duplicate, and inverse of their means were plotted against the square of their 
191 corresponding average particle sizes. The slope of the plot provides a solution for the equation:
192                                                                                                                                    (2)𝐾𝑖 = 6𝐷𝑆𝑖𝑎𝑣𝑔2
193 Where D is the apparent diffusion coefficient (ADC) and Ki is the rate constant for digestion at a 
194 particle size average of Siavg. ADC values for all the grain samples were calculated in units of 
195 mm2/h and cm2/s (Table 3). 
196 2.5 Statistical Analysis
197 ADC for all grains grown under standard conditions were analysed using a one-way ANOVA, 
198 with grain type as a factor, followed by post-hoc Tukey HSD to determine significant 
199 differences in ADC values between wheat, barley and sorghum. A linear model was fitted 
200 between IDE adjusted for NDF and ADC, and between ADC and NDF. A multivariate 
201 (bivariate) approach was used to fit a model to IDE (not adjusted for fibre) as a function of ADC 
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202 influenced by NDF. All the statistical analyses were undertaken using R (version 3.4.2, 
203 https://www.R-project.org).
204 3. Results and Discussion
205 3.1 Inverse square dependence of rate coefficient on particle size
206 An example of the dependence of amylase digestion of starch on particle size is shown for the 
207 waxy sorghum sample in Fig.1. The graph shows (a) progressive starch digestion over eight 
208 hours for different size fractions with smaller fractions digesting faster (Fig 1 A), (b) first order 
209 kinetics behaviour of starch-digestion (Fig 1 B), and (c) inverse square dependence of rate 
210 coefficients on average particle sizes (Fig 1 C; R2=0.97). The rate coefficients (Table 2) for the 
211 milled grain fractions from wheat, barley and sorghum all increased with decreasing particle 
212 size, which was consistent with the findings reported earlier for barley and sorghum (Al-Rabadi 
213 et al., 2009).  All sixteen cultivars of wheat, barley, and sorghum showed strong inverse square 
214 dependence (R2>0.9) of rate coefficients on particle sizes (Table 3). Previously, such 
215 dependence has been reported for only single samples of barley (Al-Rabadi et al., 2009) and 
216 sorghum (Al-Rabadi et al., 2009; Mahasukhonthachat et al., 2010). This study shows the 
217 generality of the inverse square dependence of amylase digestion of starch on particle size for 
218 wheat, barley and sorghum grains based on a large number of grain cultivars including those 
219 with widely varying growing conditions (Table 1).
220 3.2 Enzyme diffusion rate or ADC of wheat, barley and sorghum samples 
221  ADC provides a single in vitro measurement of the rate of amylase penetration into milled 
222 grains and should reflect different grain-specific factors which affect starch digestion. Having 
223 values for 16 grains now allows an analysis of the factors determining ADC values, with grain 
224 structure, composition, and processing methods used expected to be the main factors affecting 
225 grain starch digestion (Giuberti et al., 2014; Taylor et al., 2015). 
226 There were similarities and differences in ADC between the three grains studied. The ADC 
227 values (Table 3) were within a relatively narrow range of 0.014 – 0.021 mm2/h for all five 
228 cultivars of sorghum, and were significantly lower than wheat (P<0.05) and barley (P<0.001) 
229 samples (Table 3 & Figure 2). Two samples of wheat (Wollaroi, Janz) and two samples of barley 
230 (Arapiles, Fitzroy) had ADC values more than twice the average of the other samples of the 
231 same grain type. When these wheat and barley samples with the higher ADC values were 
232 excluded, the ADC values for wheat and barley were not significantly (p>0.05) different.
233 The peripheral endosperm region of sorghum is dense and high in protein, making it resistant to 
234 water absorption and digestion (Rooney and Pflugfelder, 1986).  Waxy Isoline sorghum 
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235 (0.020mm2/h) had a higher AD  than Normal Isoline sorghum (0.014mm2/h). The faster rate of 
236 amylase diffusion in the waxy isoline may be expected because of the higher proportion of 
237 amylopectin with its more open structure than amylose.  A comparison of digestibility for 
238 different sorghum varieties analysed in various in vitro and in vivo studies found waxy sorghum 
239 to be more digestible than normal sorghum (Rooney and Pflugfelder, 1986).   Previously, a 
240 slightly higher ADC of 0.027 mm2/h (Al-Rabadi et al., 2009) was reported for sorghum (cultivar: 
241 Buster) than found in this study for the five sorghum cultivars.  
242 The wheat cultivars Wollaroi and Janz, and barley cultivars Arapiles and Fitzroy showed 
243 markedly higher ADC with values 0.069, 0.06, 0.074 and 0.07 mm2/h respectively, than the other 
244 wheat and barley samples. The Wollaroi sample was from a pre-harvest sprouted or partially 
245 germinated crop. Germination would be expected to disrupt the cellular structure of the grain 
246 and allow amylase to diffuse at a higher rate. Olaerts et al. (Olaerts et al., 2016) found that 
247 sprouting of wheat in the field in contrast to sprouting under laboratory conditions, caused no 
248 initial starch hydrolysis from the action of amylolytic enzymes which developed during 
249 sprouting.  This suggests that disruption to cellular structure was the cause of faster hydrolysis of 
250 starch in pre-harvest sprouted grains. 
251 The sample of Janz was grown under dry conditions and the grains selected were screened to be 
252 less than 2 mm in size. This immature Janz wheat sample had a NDF value (Table 1) over 20% 
253 and a corresponding low starch content of 52%, whereas the three other wheat samples had NDF 
254 values of around 10% and starch contents of around 65%. These differences suggest that the 
255 Janz sample studied had a lower proportion of starchy endosperm to outer layers of grain than 
256 the three other wheat samples, consistent with it being less mature with less developed cell walls 
257 allowing faster amylase penetration. During cultivation in the field, the sample of barley cultivar 
258 Fitzroy was sprayed with herbicide (Glyphosate), which prevented the grain from fully maturing. 
259 Similar to the immature Janz wheat, the Fitzroy sample would have less developed cell walls 
260 allowing faster diffusion rate of amylase. An in vitro investigation (Ahmed et al., 2014) on corn 
261 grain found that starch digestibility was significantly reduced with advancing maturity. Frosting 
262 of the barley crop during maturation reduced starch content in the Arapiles sample by 
263 approximately 20% compared to unfrosted Arapiles (Black, 2008). In a study (Craven et al., 
264 2007) of the effect of cold temperatures during grain maturation stage on quality parameters of 
265 wheat, two out of three cultivars showed a significant decrease in Hagberg Falling Number, an 
266 indirect measure of starch digestion rate.  
267 A sample of the barley cultivar, Binalong, grown under normal conditions was found to have a 
268 higher ADC value of  0.062mm2/h (Al-Rabadi et al., 2009) than measured for normally grown 
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269 barley samples in this study (average ADC 0.030mm2/h). This difference suggests that the 
270 sample analysed by Al-Rabadi et al., (2009) may have been immature or damaged as described 
271 above for the four examples in the current study, because ADC values were similar. 
272 3.3 Implications of ADC in grain milling
273 The fractional digestion rate coefficient, ki (h-1) can be determined from the starch fraction 
274 digested (Ci) as a function of digestion time t (h) using equation 1. Then, equation 2 can be 
275 solved with known values of ki (h-1) and ADC (mm2/h) to determine the average particle size, 
276 Siavg (mm), which will be digested to a specified extent in a specified time. A potentially 
277 important application would be if the residence time in the small intestine of pigs is known, then 
278 the particle size that would be e.g. 95% or 99% digested in the SI could be predicted. This 
279 approach needs to be validated based on measurements for a range of grain samples of known 
280 ileal digestibility and rate of passage of digesta through the SI in pigs. 
281  3.4 Association between in vitro ADC of grains and in vivo digestion in the SI
282 IDE:FDE is a ratio that provides a measurement of energy utilised before the end of ileum as a 
283 fraction of the total energy from the feed digested in the whole digestive tract. Digestion in the 
284 SI yields more energy from macronutrients than fermentation in the large intestine (Gerrits et al., 
285 2012). An IDE:FDE of 1 means that all of the energy available from the feed is absorbed by the 
286 end of the SI. However, dietary fibre that is not digested by animal enzymes in the SI, but can be 
287 fermented by microbes in the large intestine (LI) will reduce IDE:FDE below 1.  Interactions 
288 between rate of macronutrient digestion and rate of passage of digesta through the SI also affects 
289 IDE:FDE because digestible substrates may flow to the LI before there is sufficient time in the 
290 SI to be fully digested. Starch digestion can be reduced by 1. viscosity effects of soluble fibre 
291 reducing accessibility of amylase to starch granules, although this can be overcome by efficient 
292 mixing (Dhital, Dolan, et al., 2014); 2. amylase binding to insoluble fibre such as cellulose or 
293 wheat bran (Dhital, Warren, et al., 2014) and; 3. increase in SI passage rate (if grains are slowly 
294 digestible), e.g. by wheat bran (Wilfart et al., 2007). 
295 Fig. 2 shows that most grains have ADC values of around 0.014 – 0.031mm2/h and IDE:FDE 
296 lying between 0.75 – 0.92. The four with high ADC values had variable IDE:FDE values. The 
297 Wollaroi grain sample from normal growing conditions but naturally germinated had a high 
298 IDE:FDE, suggesting that most starch digestion occurred before the end of the ileum owing to 
299 the higher enzyme diffusion. The small grained Janz sample, despite a higher ADC, had a lower 
300 IDE:FDE than grains with lower ADC.  This may be because of the relatively high NDF value 
301 (Table 1).
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302 Little NDF is digested in the SI of pigs.  Consequently, an alternative method for assessing the 
303 impact of ADC on grain digestion in the SI of pigs is to investigate the relationship with IDE 
304 when NDF is removed; that is, IDE expressed as MJ/kg DM-NDF rather than MJ/kg DM 
305 (Figure 2b).  There is a moderate relationship (R2=0.36, P<0.05) between NDF adjusted IDE and 
306 ADC, but adjusted IDE declined as ADC increased, rather than increase as would be expected if 
307 the rate and extent of starch digestion was increased with increasing ADC.  However, the 
308 negative relationship is influenced strongly by the four samples with high ADC values. Based on 
309 all 16 grains, there is a moderate positive correlation (R2=0.33, P<0.05) between ADC and NDF, 
310 and this moderate collinearity might have affected the bivariate analysis described in the next 
311 section. However, based on 12 grains, considered representative of normal growth conditions, 
312 with lower ADC values there is no apparent relationship between NDF adjusted IDE and ADC 
313 (Fig 2b).
314 The bivariate model fitted to IDE (not adjusted for NDF) as a function of ADC influenced by 
315 NDF exhibited a negative correlation (R2=0.67, P<0.001). This implies that grains with high 
316 NDF content are likely to result in a more rapid transit though the gastrointestinal tract than 
317 grains with low NDF.  Thus, even when the intrinsic digestibility of a grain is greater, increases 
318 in passage rate may reduce the time the grain is in contact with intestinal amylases and reduce 
319 digestion relative to low NDF, low ADC grains. Wilfart et al (Wilfart et al., 2007) found that 
320 increasing amounts of added wheat bran, which contains high amounts of  NDF, in wheat- and 
321 barley- based diets, significantly decreased transit time in the SI.  The Arapiles sample with an 
322 ADC even higher than the Janz sample, has a low IDE:FDE of only 0.55. Both Janz and Arapiles 
323 also had higher ADF of 5.6 and 11.8% and hydration capacities (related to swellable fibre) of 92 
324 and 110% respectively (Table 1). This is a strong indication that grains with higher NDF may 
325 not achieve higher IDE:FDE or digestion of available substrates in the SI.
326 There is probably an optimum level of NDF at which higher ADC of grain digestion gives 
327 maximum NDF adjusted IDE or IDE:FDE.   This optimum is suggested in Figure 3 where NDF 
328 adjusted IDE is maximised with grains when NDF is approximately 15%. The combination of 
329 Figures 2 and 3 suggest there are strong interactions between 1) increasing enzyme diffusion rate 
330 and rate of digestion and 2) NDF affecting rate of digesta passage in the SI and extent of grain 
331 digestion in the SI. 
332 Conclusions 
333 In summary, it has been shown that (a) each of the three grains studied (wheat, barley, 
334 sorghum) exhibited a clear inverse square dependence of rate coefficients for amylase-
335 catalysed digestion of starch on milled grain particle sizes, and that the determination of ADC 
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336 is a robust method for assessing amylase diffusion rate for these three grains; (b) sorghum has 
337 a lower ADC compared to wheat and barley for samples grown under standard conditions; (c) 
338 major differences in grains (such as sprouting, germination and immaturity) result in different 
339 ADC values that can be related to in vivo digestibility, and (d) there is an optimum level of 
340 fibre (measured as NDF) of between 10 and 20% that results in maximal starch digestibility 
341 in the pig small intestine. Based on the findings that immature grains with high fibre have 
342 higher ADC and lower IDE:FDE, it can be concluded that the true potential for efficient feed 
343 utilisation depends not only on a fast grain starch digestion rate, but also the rate of passage 
344 of digesta, so that residence time in the SI is long enough for grain fractions to be digested 
345 completely.
346 Acknowledgements 
347 We thank Annette Tredrea (University of Sydney) for providing the grain samples, and Dr 
348 Sushil Dhital (University of Queensland) for guidance on methods for total starch and in vitro 
349 starch digestion. The funding for this project was provided by the Pork Co-operative 
350 Research Centre and the Australian Research Council Centre of Excellence in Plant Cell 
351 Walls (CE110001007). 
352 References
353 Ahmed, S., Grecchi, I., Ficuciello, V., Bacciu, N., Minuti, A., Bani, P., 2014. Effects of hybrid and maturity 
354 stage on in vitro rumen digestibility of immature corn grain. Italian Journal of Animal Science 13, 455-
355 461.
356 Al-Rabadi, G.J., Hosking, B.J., Torley, P.J., Williams, B.A., Bryden, W.L., Nielsen, S.G., Black, J.L., Gidley, 
357 M.J., 2017. Regrinding large particles from milled grains improves growth performance of pigs. Animal 
358 feed science and technology 233, 53-63.
359 Al-Rabadi, G.J.S., Gilbert, R.G., Gidley, M.J., 2009. Effect of particle size on kinetics of starch digestion 
360 in milled barley and sorghum grains by porcine alpha-amylase. Journal of cereal science 50, 198-204.
361 AOAC, 1995. Official Methods of Analysis of the Association of Official Analytical Chemists, Volume 1 
362 and 2, 16th Edition. AOAC International, Arlington, Virginia.
363 ASABE, 2013. Method of determining and expressing fineness of feed materials by sieving, ANSI/ASAE 
364 S319.4, MI, USA.
365 Black, J.L., 2008. Premium Grains for Livestock Program - Final Report 
366 https://ses.library.usyd.edu.au//bitstream/2123/5441/1/PGLPfinalreport.pdf, viewed on14.07.2017.
367 Black, J.L., 2016. Cereal Grains as Animal Feed, Encyclopedia of Food Grains (Second Edition). 
368 Academic Press, Oxford, pp. 215-222.
369 Craven, M., Barnard, A., Labuschagne, M.T., 2007. The impact of cold temperatures during grain 
370 maturation on selected quality parameters of wheat. Journal of the science of food and agriculture 
371 87, 1783-1793.
372 De Jong, J.A., DeRouchey, J.M., Tokach, M.D., Dritz, S.S., Goodband, R.D., Paulk, C.B., Woodworth, J.C., 
373 Jones, C.K., Stark, C.R., 2016. Effects of wheat source and particle size in meal and pelleted diets on 
374 finishing pig growth performance, carcass characteristics, and nutrient digestibility. Journal of animal 
375 science 94, 3303-3311.
376 Dhital, S., Dolan, G., Stokes, J.R., Gidley, M.J., 2014. Enzymatic hydrolysis of starch in the presence of 
377 cereal soluble fibre polysaccharides. Food & function 5, 579-586.
ACCEPTED MANUSCRIPT
12
378 Dhital, S., Warren, F.J., Zhang, B., Gidley, M.J., 2014. Amylase binding to starch granules under 
379 hydrolysing and non-hydrolysing conditions. Carbohydrate Polymers 113, 97-107.
380 Edwards, C.H., Grundy, M.M.L., Grassby, T., Vasilopoulou, D., Frost, G.S., Butterworth, P.J., Berry, 
381 S.E.E., Sanderson, J., Ellis, P.R., 2015. Manipulation of starch bioaccessibility in wheat endosperm to 
382 regulate starch digestion, postprandial glycemia, insulinemia, and gut hormone responses: a 
383 randomized controlled trial in healthy ileostomy participants. American Journal of Clinical Nutrition 
384 102, 791-800.
385 Gerrits, W.J.J., Bosch, M.W., van den Borne, J.J.G.C., 2012. Quantifying resistant starch using novel, in 
386 vivo methodology and the energetic utilization of fermented starch in pigs. Journal of Nutrition 142, 
387 238-244.
388 Giuberti, G., Gallo, A., Cerioli, C., Masoero, F., 2012. In vitro starch digestion and predicted glycemic 
389 index of cereal grains commonly utilized in pig nutrition. Animal feed science and technology 174, 163-
390 173.
391 Giuberti, G., Gallo, A., Masoero, F., Ferraretto, L.F., Hoffman, P.C., Shaver, R.D., 2014. Factors affecting 
392 starch utilization in large animal food production system: A review. Starch/Staerke 66, 72-90.
393 Heaton, K.W., Marcus, S.N., Emmett, P.M., Bolton, C.H., 1988. Particle size of wheat, maize, and oat 
394 test meals: effects on plasma glucose and insulin responses and on the rate of starch digestion in vitro. 
395 American Journal of Clinical Nutrition 47, 675-682.
396 Knudsen, K.E.B., Canibe, N., 2000. Breakdown of plant carbohydrates in the digestive tract of pigs fed 
397 on wheat- or oat-based rolls. Journal of the science of food and agriculture 80, 1253-1261.
398 Knudsen, K.E.B., Jensen, B.B., Hansen, I., 1993. Digestion of polysaccharides and other major 
399 components in the small and large intestine of pigs fed on diets consisting of oat fractions rich in β-D-
400 glucan. British journal of nutrition 70, 537-556.
401 Lee, B.-H., Bello-Perez, L.A., Lin, A.H.-M., Kim, C.Y., 2013. Importance of Location of Digestion and 
402 Colonic Fermentation of Starch Related to Its Quality. Cereal chemistry 90, 335-343.
403 Mahasukhonthachat, K., Sopade, P.A., Gidley, M.J., 2010. Kinetics of starch digestion in sorghum as 
404 affected by particle size. Journal of Food Engineering 96, 18-28.
405 McCleary, B.V., Gibson, T.S., Mugford, D.C., 1997. Measurement of total starch in cereal products by 
406 amyloglucosidase-α-amylase method: Collaborative study. Journal of AOAC International 80, 571-579.
407 Olaerts, H., Roye, C., Derde, L.J., Sinnaeve, G., Meza, W.R., Bodson, B., Courtin, C.M., 2016. Impact of 
408 Preharvest Sprouting of Wheat (Triticum aestivum) in the Field on Starch, Protein, and Arabinoxylan 
409 Properties. Journal of agricultural and food chemistry 64, 8324-8332.
410 Paulk, C.B., Hancock, J.D., Fahrenholz, A.C., Wilson, J.M., McKinny, L.J., Behnke, K.C., 2015. Effects of 
411 sorghum particle size on milling characteristics and growth performance in finishing pigs. Animal feed 
412 science and technology 202, 75-80.
413 Rooney, L.W., Pflugfelder, R.L., 1986. Factors Affecting Starch Digestibility with Special Emphasis on 
414 Sorghum and Corn1. J. Anim. Sci. 63, 1607-1623.
415 Saqui-Salces, M., Luo, Z., Urriola, P.E., Kerr, B.J., Shurson, G.C., 2017. Effect of dietary fiber and diet 
416 particle size on nutrient digestibility and gastrointestinal secretory function in growing pigs. Journal of 
417 animal science 95, 2640-2648.
418 Taylor, J.R.N., Emmambux, M.N., Kruger, J., 2015. Developments in modulating glycaemic response in 
419 starchy cereal foods. Starch-Starke 67, 79-89.
420 Van Barneveld, R., 1993. Effect of heating proteins on the digestibility, availability, and utilization of 
421 lysine by growing pigs, PhD Dissertation, Department of Agriculture. University of Queensland St Lucia, 
422 Queensland, Australia. 
423 Wilfart, A., Montagne, L., Simmins, H., Noblet, J., Milgen, J.v., 2007. Digesta transit in different 
424 segments of the gastrointestinal tract of pigs as affected by insoluble fibre supplied by wheat bran. 
425 British journal of nutrition 98, 54-62.
426
ACCEPTED MANUSCRIPT
13
Table 1. Grain samples with IDs from previously reported study (Black, 2008), used for determination 
of ADC. All grains were grown and treated under standard conditions, apart from Wollaroi, Janz, 
Arapiles and Fitzroy as detailed in footnotes.
Grain
Type
Grain
Variety
Grain   
ID
Starch 
(%)
Protein 
(%)
Fat
(%)
NDF*
(%)
ADF**
(%)
HC*** 
(%)
Wollaroia 1772 64.0 18.5 2.3 9.3 2.3 -
Janzb 1809 52.0 18.1 3.0 23.6 5.6 91.6
H45 1841 65.9 16.7 2.0 21.8 4.1 52.8
Red Wheat 1876 68.6 10.9 2.2 10.6 3.5 37.0
Wheat
Currawong 1906 64.9 14.7 2.0 13.2 3.9 55.5
Skiff 3814 58.3 13.6 2.2 17.8 5.2 -
Arapilesc 3828 49.8 13.5 2.2 32.8 11.8 109.9
Grout 3869 53.1 14.4 1.8 15.6 4.9 39.7
Wyalong 3875 47.1 17.7 1.8 18.9 5.2 42.4
Fitzroyd 3879 48.9 13.6 1.8 24.5 8.9 -
Barley
Schooner 3904 58.3 11.3 2.3 20.7 5.4 49.0
Waxy Isoline 7710 73.8 13.4 3.8 16.4 2.8 40.2
Normal Isoline 7711 73.0 13.5 3.7 16.8 3.8 32.2
Boomer 7812 74.5 10.4 4.0 11.8 4.7 28.1
MR Maxi 7855 68.5 11.4 2.7 7.2 4.0 35.2
Sorghum
ICSV400 7870 72.4 12.3 3.2 7.3 3.5 30.4
a Normal growth, but naturally sprouted before harvest, b Dry prior to harvest and grains screened through 2.2 
mm sieve, c Experienced a frost prior to harvest that reduced grain maturity, d Sprayed with glyphosate six weeks 
after flowering, which reduced grain maturity
*Neutral detergent fibre, **Acid detergent fibre, ***Hydration Capacity
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Table 2. Geometric mean diameter (dgw; millimeter) and rate coefficients k (hour-1) ± SEM (from 
Equation 1) for five particle size fractions from each of 16 grains.
                         Average Particle Size (mm)
1.1 0.78 0.605 0.375 0.163Grain 
Type Grain Variety
dgw 
(mm) k (h-1)
+ SEM
k (h-1)
+ SEM
k (h-1)
+ SEM
k (h-1)
+ SEM
k (h-1)
+ SEM
Wollaroi 0.56 0.367+0.012
0.595
+0.015
0.649
+0.012
1.028
+0.08
1.413
+0.044
Janz 0.46 0.304+0.008
0.468
+0.036
0.676
+0.045
1.020
+0.058
1.057
+0.053
H45 0.159+0.018
0.206
+0.007
0.221
+0.011
0.233
+0.011
0.278
+0.005
Red Wheat 0.47 0.123+0.000
0.213
+0.005
0.322
+0.021
0.487
+0.017
0.865
+0.011
Wheat
Currawong 0.54 0.128+0.028
0.163
+0.006
0.193
+0.005
0.299
+0.001
0.413
+0.037
Skiff 0.49 0.164+0.008
0.285
+0.031
0.336
+0.020
0.556
+0.064
0.847
+0.024
Arapiles 0.39 0.400+0.032
0.443
+0.022
0.742
+0.010
0.853
+0.036
0.964
+0.016
Grout 0.49 0.145+0.005
0.292
+0.012
0.463
+0.011
0.673
+0.008
1.582
+0.016
Wyalong 0.48 0.149+0.002
0.302
+0.004
0.396
+0.004
0.612
+0.022
0.738
+0.011
Fitzroy 0.41 0.346+0.030
0.643
+0.003
0.751
+0.001
0.917
+0.035
1.060
+0.028
Barley
Schooner 0.47 0.133+0.006
0.223
+0.002
0.346
+0.018
0.645
+0.019
0.818
+0.033
Waxy Isoline 0.51 0.097+0.002
0.184
+0.008
0.228
+0.008
0.459
+0.003
1.125
+0.085
Normal Isoline 0.074+0.001
0.109
+0.005
0.152
+0.005
0.217
+0.008
0.321
+0.007
Boomer 0.51 0.112+0.001
0.156
+0.015
0.195
+0.011
0.262
+0.012
0.433
+0.004
MR Maxi 0.081+0.001
0.136
+0.014
0.171
+0.003
0.207
+0.013
0.326
+0.008
Sorghum
ICSV400 0.52 0.101+0.013
0.166
+0.007
0.189
+0.006
0.282
+0.011
0.582
+0.050
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Table 3. Inverse square dependence (R2>0.9) of rate coefficients on particle sizes for all grains and the 
corresponding apparent diffusion coefficients (ADC; millimeter2/hour or centimeter2/second) from 
Equation 2. IDE:FDE is derived from IDE and FDE values obtained with feed containing the same grain 
samples (Black, 2008).
 Dependence between 
particle size squared (mm2) 
and inverse of rate 
coefficient (1/k)
ADC Grain 
Type
Grain
Variety
Slope
(m)
Intercept 
(c)
R2 mm2/h cm2/s
( x 10-7)
IDE:FDE
Wollaroi 1.5856 0.7458 0.96 0.069 1.92 0.900
Janz 2.0213 0.7763 0.99 0.060 1.67 0.742
H45 2.1192 3.7146 0.93 0.029 0.81 0.794
Red Wheat 5.6406 1.0417 0.99 0.025 0.69 0.850
Wheat
Currawong 4.9869 2.6909 0.97 0.022 0.61 0.885
Skiff 3.9277 1.2096 0.97 0.032 0.89 0.866
Arapiles 1.3672 0.9957 0.94 0.071 1.97 0.548
Grout 5.0001 0.4485 0.97 0.031 0.86 0.769
Wyalong 4.361 0.9527 0.95 0.031 0.86 0.828
Fitzroy 1.5729 0.7926 0.91 0.070 1.94 0.827
Barley
Schooner 5.3356 0.9049 0.99 0.027 0.75 0.882
Waxy Isoline 7.4208 0.9762 0.97 0.020 0.56 0.868
Normal Isoline 8.5653 3.1936 0.99 0.014 0.39 0.853
Boomer 5.1665 2.7878 0.97 0.021 0.58 0.909
MR Maxi 7.1657 3.1713 0.97 0.016 0.44 0.841
Sorghum
ICSV400 6.4806 2.1750 0.95 0.019 0.53 0.787
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Figure 1. Starch digestion for a sorghum sample (Waxy Isoline) with SEM: A) digestograms as a 
function of particle size, B) first order kinetics fit – rate coefficient k (hour-1) for each fraction is given 
by the slope, C) Relationship between square of particle size (millimeter2) and inverse of rate coefficient 
1/k (hour) – the slope gives the apparent diffusion coefficient (ADC). 
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Figure 2 (a). Values of ADC for 16 grains compared with the ratio between ileal and faecal digestibility 
extents in pigs for feeds based on the same grains; (b).  Relationship between apparent diffusion 
coefficient (ADC; millimetre2/hour) and ileal digestible energy (IDE; MJ/kg) adjusted for neutral 
detergent fibre (NDF) content (MJ/kg DM-NDF) for the sixteen grains fed to pigs. NDF adjusted IDE 
= 17.2 – 57.3 * ADC (R2=0.36, P<0.05). IDE and FDE data were from (Black, 2008).
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Figure 3.  Relationship between neutral detergent fibre (NDF) adjusted ileal digestible energy (IDE) 
(MJ/kg DM (dry matter) -NDF) and NDF content of the grain. IDE data were from (Black, 2008)
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Highlights 
 Inverse square dependence of starch digestion rate on grain particle size 
 Amylase apparent diffusion coefficient lower in sorghum than wheat or barley
 Grain immaturity or sprouting increases amylase apparent diffusion coefficient
 Starch digestibility in pig small intestine maximised with ca 15% fibre
 Both passage rate and digestion kinetics important for porcine ileal digestibility
